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Abstract 

We consider a family of pp-wave solutions of IIB supergravity. This 
family has a non-trivial, constant 5-form flux, and non-trivial, (light- 
cone) time-dependent RR and NS-NS 3-form fluxes. The solutions have 
either 16 or 20 supersymmetries depending upon the time dependence. 
One member of this family of solutions is the Penrose limit of the 
solution obtained by Pilch and Warner as the dual of a Leigh-Strassler 
fixed point. The family of solutions also provides indirect evidence in 
support of a recent conjecture concerning a large N duality group that 
acts on RG flows of TV — 2 supersymmetric, quiver gauge theories. 
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1 Introduction 



The remarkable observation in [2] that string theory is solvable in certain 
pp-wave backgrounds has opened up new opportunities to test and analyze 
string theory [1] . Combined with the observation that pp-waves are Penrose 
limits of AdS m x S n backgrounds, this has enabled extensive new testing 
to the AdS/CFT correspondence. Our purpose in this paper is to examine 
these issues for a supergravity solution that has already provided a sharp 
set of tests of the AdS/CFT correspondence: the N = 2 supersymmetric 
supergravity solution [15, 14, 13] that corresponds to a non-trivial, M = 1 
supersymmetric, conformal fixed point [17] of N = 4 supersymmetric Yang- 
Mills theory. This supergravity solution involves non-trivial fluxes for the 
3-forms H[z)i FS R an d for the 5-form, F$ R . All of these fluxes remain 
non-zero in the Penrose limit, and indeed and F^ R are non-constant. 

The solution of [15, 14, 13] has |-supersymmetry, and we find that the 
corresponding pp-wave has 20 super symmetries, which may be understood 
as the "universal" 16 plus one quarter of the supernumeraries. We also find 
that, in spite of a "light-cone time-dependence," the string theory is still 
solvable in this background, and we compute the modes. 

The Penrose limit of the solution [15, 14, 13] is, in fact, one point in a fam- 
ily of pp-wave solutions: one can make more general Ansatze for the fluxes 
by introducing arbitrary constant parameters, and one can even introduce 
a non-constant dilaton and axion. The result is a large, multi-parameter 
space of solutions that involves: a constant, symmetric, 8x8, real matrix 
in the metric; a constant, complex, skew, 4x4 matrix in the 2-form fields, 
B NS + iB RR ; an arbitrary complex constant, a, for the dilaton/axion; an ar- 
bitrary real constant / for F RR ; and an arbitrary real parameter, /?, that de- 
termines the time dependence of the background fields. The only non-trivial 
equation is the R++ Einstein equation, and it yields one real constraint. In 
this paper we will focus for simplicity on the family of solutions that have 
trivial dilaton and axion. We will also specify a very particular form for the 
2-form tensor gauge fields. This form is motivated by the Penrose limit of the 
solution [15, 14, 13], but we will retain an arbitrary complex constant, b, as 
the coefficient. The Einstein equations then reduce to \f3 2 \b\ 2 + f 2 = 1, and 
the solution space is thus parametrized by S 2 x R. We find that these solu- 
tions have 20 supersymmetries if and only if the time-dependence parameter 
is fixed to /3 = —2f, and otherwise the solution only has 16 supersymmetries. 

The fact that the background 3-form fields depend explicitly upon x + 
means that the induced string action, in light-cone gauge, depends explic- 
itly upon (world-sheet) time. This time dependence naively suggests that 
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"energy" should not be conserved, however, as one sometimes finds in AdS 
backgrounds, it is natural to mix energy with angular momentum to arrive 
at a more natural conserved "energy." For the backgrounds that we consider 
here we find that the apparent time dependence of the 3-form fields can be 
removed by shifting an angular coordinate, (p — > ip + kx + , for some con- 
stant k, to go to a co-rotating frame. This induces some off-diagonal metric 
terms, but the metric remains stationary and the background fields become 
independent of x + . For the Penrose limit of the background in [13] one has 
k = 3 and the natural conserved energy is then: 



where A is the canonical AdS energy dual to the conformal dimension of the 
operators on the brane, and J is the -R-charge of the H = 1 field theory on 
the brane. The combination, (1), is, of course, the "topological" energy that 
vanishes on chiral, primary operators. 

The family of theories described in this paper also provides some support 
for a conjecture made in [9]. The goal of [9] was to find the five-dimensional, 
gauged supergravity description of a class of holographic RG flows within 
N = 2 quiver gauge theories. For the A p quiver theory, this class of flows 
involves giving a mass to the chiral multiplets associated to the nodes of the 
quiver, and so there are (p+1) (complex) mass parameters. The correspond- 
ing five-dimensional gauged supergravity theory has an SU(p+ 1) symmetry 
acting on the mass parameters, and so all of the flows are equivalent under 
this symmetry. At the non-trivial RG fixed point, an overall scale and phase 
of these mass parameters disappears, leaving a fixed surface isomorphic to 
CP P . The symmetry and the fixed-point manifold is manifest in the five- 
dimensional supergravity, but is very surprising from the ten-dimensional 
perspective since it involves trading topologically trivial S-field fluxes for 
Kahler moduli of blow-ups of singularities. In particular, there should be an 
SU(2) symmetry acting on an S 2, s worth of solutions that smoothly inter- 
polate between the flow of [22] and the flow of [14], and even more simply, 
there should be an SU{2) symmetry acting on an S s worth of solutions 
that smoothly interpolate between the IIB solutions corresponding to the 
RG fixed points, that is between the T^ 1,1 ) solution of [21] and the solution 



While there have been some attempts to construct this SU(2) family 
of solutions directly, it is technically rather difficult [11]. Thus, a slightly 
more modest, but manageable, test would be to see if the Penrose limits of 
these solutions have the requisite SU(2) symmetry. The Penrose limit of 
the T^ 1 ' 1 ) compactification was obtained and analyzed in [18, 19, 20], and 




(1) 



of [13]. 
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it was found that the limit was the same as that of the maximally super- 
symmetric background of AdS^ x S 5 , that is, the maximally supersymmetric 
pp-wave of IIB supergravity [2, 3]. Thus the Penrose limit seems to remove 
all of the super symmetry-breaking effects. This does not happen with the 
Penrose limit of the solution of [13]: as described above, the Penrose limit 
has 20 super symmetries, and is still in a sense, ^-supersymmetric. Thus, 
in the Penrose limit, the SU(2) symmetry and the S 2 conjectured in [9] 
must smoothly interpolate between the Penrose limit of the solution of [13] 
and the maximally supersymmetric pp-wave of IIB supergravity [2, 3]. At 
a generic point on the S 2 there must be 20 supersymmetries, and this will 
increase to 32 when the background 3-form field vanishes. This is, indeed, 
exactly what we find in this paper. Moreover, it was also argued in [9] that 
the SU(p + 1) symmetry should only be a large iV symmetry, and would be 
broken to a discrete symmetry at finite N. This means that it should be a 
symmetry of the supergravity, but not of the string spectrum. Again, this 
is confirmed by the results presented here. 

Quite apart from the motivations of holographic field theory, the results 
presented here are interesting in that they are backgrounds with non-trivial, 
non-constant fluxes in which the supersymmetry is partially broken, and yet 
the string theory is still solvable. There have been quite a number of pp-wave 
solutions in which the string theory is solvable, and the supersymmetry is 
broken using the metric, or by using Penrose limits of intersecting branes 
(see, for example, [4, 5, 23]). In this paper the background B-field fluxes are 
intrinsically "dielectric" : they are not generated by a simple set of pure BPS 
branes. When combined with other families of solutions, the class presented 
here should generate a new, richer class of interesting, supersymmetric pp- 
wave solutions. 

In section 2 we will introduce a general class of pp-wave solutions to IIB 
supergravity, and then examine the Penrose limit of the results of [13]. In 
section 3 we will discuss the supersymmetry of the S 2 x R family of solutions 
described earlier. Section 4 contains an analysis of the modes of the Green- 
Schwarz string in an S 2 x R family of pp-waves, and section 5 contains some 
final remarks. Throughout this paper our conventions will be those of [8], 
but with one minor exception: the complex dilaton/axion field called B in 
[8] will be re-labeled D( ) • 

Note added in proof 

Since this paper was submitted to arXiv . org, two closely related pa- 
pers [26, 27] appeared. Both of these papers discuss aspects of the dual field 
theory, such as RG flows and the operator spectrum, and they also take 
Penrose limits using other geodesies. 
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2 A class of pp-Wave solutions 



2.1 The general class 



Consider a general pp-wave with an © split, null 5-form, complex 
2-form potential, and a non-trivial dilaton and axion: 



ds 2 = 2 dx~ dx+ + (A^ n v 3 + A\. y iVj + 2 A™ ny 3 ) {dx + f 

i<j 

— df 2 — dy 2 , 

F = f dx + A {dri A • • • A dr A + dy x A • • • A dy 4 ), ^ 
B= i e iPx+ C ^d yj Ady k , 
iJ( ) - oe . 

Following [8], we are using a metric that is "mostly minus." The tensor, 
Cjk = & k , is a constant, complex and skew symmetric (we could, of course, 
extend C into the other transverse directions, but we are primarily interested 
in configurations that are Penrose limits of IIB solutions that have vanishing 
23-components in the AdS§ directions.) The parameters / and (3 are real 
constants, while a is a complex constant. 

Owing to the x~ -independence of the metric and the fact that g ++ = 0, 
the only non-trivial IIB equation of motion [8] is a component of the Einstein 
equation: 

R++ = Tr(v4 r + ^) 

= 8f 2 + (1 - M 2 )- 1 (8/3 2 \a\ 2 (3) 
+ \{C jk -aC* k ){C*i k -a*Ci k )). 



For simplicity, we take a trivial dilaton/axion background, and so set 
a = 0. For the string theory to be solvable in the background one needs 
to further restrict the matrix Cj k - The choice that we will make here 1 is to 
take: 

B = be il3x+ dd Ad( 2 , (4) 

with Ci = 2/1 + W2, C2 = 2/3 + iy4- We will also take the metric to be the most 
symmetric possibility, with: 

-A-ij = Afj = dij , A™- = . (5) 
1 There are more general possible choices that lead to a solvable string spectrum. 
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The equations of motion then reduce to: 



f + |/?W = i. 



(6) 



The pp-wave limit with maximal supersymmetry satisfies (6) with / = 
±1,6 = 0. Recall that this is the pp-wave limit of both AdS$ x S 5 and 
AdS 5 xT 1 ' 1 . The solution we present below as the Penrose limit of the gravity 
dual of the Leigh-Strassler fixed point is also of the simplified form (5), 
satisfying (6), but with: 



The Ansatz (2), (4) and (5) with parameters satisfying (6), defines a 2-sphere 
of solutions that interpolate between the solution of defined below and the 
point of maximal supersymmetry Thus this interpolating family is related 
to the Penrose limit of the family of solutions which interpolate between the 
orbifold of the solution of [13] and conifold fixed points in the supergravity 
duals of N = 2 quiver gauge theories. 

2.2 The Af = 2 supersymmetric AdS solution 

Here we summarize the essential features of the N = 2 supersymmetric 
supergravity dual of the M = 1 "Leigh-Strassler" field theory fixed point 
in four dimensions. The five-dimensional gauged supergravity solution was 
found in [15], and this was subsequently "lifted" to ten-dimensional, IIB 
supergravity in [13]. The ten-dimensional metric takes the form: 



f = -\, b = iV3, [3 = 1 



ds 2 10 = n 2 ds 2 AdSs - ds 2 b . 



(7) 



For the AdS§ directions, we take 



ds\ 



AdS 5 — 



L 2 (cosh 2 p dt 2 - dp 2 - sinh 2 p dfi§) , 



(8) 



where d£l 2 is the metric on the unit 3-sphere. The parameter, L, is the 
"radius" of the AdS§. The internal metric is: 
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where the scale, a, is given by: 

213/6 

a=— L, 

and the warp factor Q in (7) is 

\ 1/2 



n 2 = 2 1 / 3 ^l-icos(2^)^ 



(10) 



This solution also has a 5-form flux: 



2 5/3 

F = "3T?F (elA """ Ae5 + e6A """ Ael0) ' 

and a 3-form flux which can be obtained from the complex 2-form potential 

B= ^e- 2 ^(e 6 +ie 9 ) A(e 7 -ie 8 ). (12) 

v3 

In equation (11), we have included a factor of 2 to correct a typo in [13] 2 . 

It will be useful later to recall some further details of [13]. First, one can 
parametrize M 4 using an SU(2) transformation based upon Euler angles, ipy. 

Ci = yi + iV2=y cos(i px) e~i ^ 3+ ^ , 
C2 = y 3 + «2/4 = 1/ sin(i ¥>i) e-3 (v3 ~ . 
The left-invariant one-forms, Uj, can then be written explicitly as: 

o\±iG2 = e ±l<P3 (dfi^fi sin(^i) d<p 2 ) , cr 3 = d(p 3 +cos(ipi) d(p 2 ■ (14) 
In [13] the S 5 was parametrized by taking: 

u 1 = Cie~ i ^ 2 , n 2 = C 2 e-^ /2 , u 3 = sin(0) e"** . (15) 

with y = cos (9) so that |ui| 2 + |zi2 1 2 + |^3| 2 = 1. Since the metric and the 
tensor gauge fields are constructed using the Oj there is a manifest SU(2) 
symmetry. The metric also has a U(l) x U(l) symmetry under ip 3 and (f> 
translations, but the S-field (12) breaks this to 

-a, ^3^^3 + 20, (16) 

since (e 7 — ie 8 ) ~ (a± — ia 2 ) ~ e~ llp3 . The residual (M = 1) supersym- 
metry generators on the brane transform under this as e± — > e ±M e±, and 

2 The correct coefficient can be obtained from subsequent papers: [12, 10]. 
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so (16) represents the canonically normalized 7?.-symmetry of the jV = 1 
superconformal theory on the brane. 

It is simple to modify the foregoing solution in order to describe an 
analogous J\f = 1 fixed point in M = 2 ^4 n _i quiver gauge theory. The UV 
dual is IIB on AdSs x S 5 /Z n , where the orbifold action identifies the Euler 
angle 993 ~ 993 + Att/u. The M = 1 orbifold IR fixed point is described by 
the above solution together with this identification on 993. 



2.3 The Penrose limit 

After substituting all the factors into (9) one finds terms of the form: 

L2 " 2 (^" t2 -I("^^k4 + ■■■)• < i7 > 

We thus consider geodesies that lie near p = 0, 6 = tt/2, and have x~ ~ 
L 2 (t + |0). It is convenient to introduce some additional constants to clean 
up the result, and so we make the coordinate redefinitions: 



3 1 / 4 r „ 7T 3 3 / 4 y , 3 f x- « 

t = x ' P = ¥J^V e= 2-w*v 4>= 2\¥r^- x >' (18) 



In the limit L^oowe find the metric: 

ds 2 = 2dx~ dx + + (r 2 + y 2 )(dx + ) 2 - df 2 - ds 2 4 , (19) 



where 



df 2 = dr 2 + \r 2 dttl 

ds 2 = dy 2 + \y 2 ((a 1 ) 2 + (a 2 ) 2 + (a 3 -2dx + ) 2 ) . 



(20) 



The same limit of the 5-form yields: 

F = -- dx + A (dri A • • • A dr A + dyi A • • • A dy 4 ). (21) 
while the complex 2-form potential (12) becomes 
B = ^e 3ix+ y(dy-^ya 3 )A(a 1 -ia 2 ) = - ^ e 3ix+ d( t A d( 2 . (22) 

There are now two natural changes of variable: (i) </?3 — > 993 + 2x + , 
and (ii) 993 —>■ ips + 3x + . The former removes the cross-term in the metric 
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(20), while the latter removes the x + dependence in B. This removal of the 
x + -dependence is an important step in computing the normal modes of the 
string, and so we will return to it in section 4. 

To get to the Ansatz (4) one first makes the shift: (p% — > (p% + 2x + . This 
generates an extra term in B that is proportional to dx + A (a\ — io-i) and 
which may be removed by adding a pure gauge term, dA, where: 

A = ^e^ 4 y 2 (a 1 -ia 2 ). (23) 

The final result is: 

dsl = dy 2 = dy 2 + \ y 2 {(a,) 2 + (a 2 ) 2 + (a 3 ) 2 ) , 
B = iVSe ix+ dCi Ad( 2 . 

Thus the pp-wave metric is the simplest possible form: on the transverse 
coordinates M.f © M.y the symmetric matrix, A, in (2) is the identity matrix. 
It fits the Ansatz above with (3 = l,f = — \ and b = Note that 

P = "2/. 

Finally, note that for the orbifold, S^/T, the </?3 coordinate of is still 
identified under the orbifold action. So after taking the scaling limit of 
AdSs x S 5 /T, the space of the y is M.y/T, for the choice of geodesic in (18). 



3 Super symmetry and Killing Spinors 



For vanishing dilaton and axion, the supersymmetry conditions are 

Dm e + -^Fpqrst 1 PQRST 1m e + ^G PQR ( lM PQR 

-95 M p ^ R )e*=0, 

and 

7 MNP G MNP e = 0. (26) 



3.1 Integrability conditions 

The easiest way to count the number of supersymmetries is to compute the 
integrability, or zero-curvature condition for the differential operator in (25). 
The result of doing this is an algebraic condition of the form: 

a o) (:■) - • 
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We consider a metric of the form given in (2) and (5), and we take F to 
be as in (2), with B given by (4). We recall that the only non-trivial field 
equation is (6). For this background it is straightforward to solve (27) and 
(26). 

Introduce frames e A for the metric in (2) with e J = drj,e J+4 = dyj,j = 
1, . . . ,4, and with e° and e 9 as the remaining time-like and space-like com- 
ponents. Define 7 =t = ^75(7° ± 7 9 )- As is by now familiar, there are always 
16 solutions to these conditions given by the zeroes of: 

7 + e = 7 + e * = 0. (28) 

One finds four more non-trivial solutions to (26) and (27) if and only if 
(3 = —2/. The solutions are present for all values of b and / satisfying (6), 
and the solutions are precisely those that solve the projection conditions: 

7 + (7 5 + «7 6 )e = 7 + (7 ? + «7 8 )e = 0. (29) 

The integrability conditions are necessary conditions for supersymmetry, 
and are usually, but not always, sufficient. To arrive at a sufficient condi- 
tion one must check higher order integrability using further commutators of 
the supercovariant derivative [16]. For the background we are considering 
here, it turns out that these extra integrability conditions are trivially sat- 
isfied. Alternatively, one can see that there must be at least four additional 
supersymmetries by boosting the solutions of [13]. 

4 The modes of the Green-Schwarz string 

It is convenient to introduce a scale fi by rescaling x~ - 
This changes the metric to: 

ds 2 = 2dx~ dx + + fi 2 (r 2 + y 2 ){dx + ) 2 - df 2 

and it also introduces factors of \x into F and B. 

4.1 The bosonic modes 

Other than the metric, the only background field that couples to the bosonic 
string is the NS-NS two-form, which is is the real part of B. After the re- 
scaling, this is given by 

B = \ (b e^ x+ d(i A dC,2 + b e"^ d(i A ^2) • (31) 



x / n, x + —> fix + . 
- dy 2 , (30) 
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The bosonic part of the Green-Schwarz Lagrangian is: 

C = \g^ d a x» 8 a x u + B„ v d T x^d a x v , (32) 
In the light-cone gauge, one sets x + = r, and then (32) becomes 

c = -\(d a r l f-\\d a tA 2 -^({n? + \o\ 2 ) 

+ \ (be^ T (d^ 8 a ( 2 - cUi d T ( 2 ) (33) 
+6e~^ T (d T Ci dM - d a Ci dM)) , 

The four bosons, r^, form a set of four oscillator towers with the same 
spectrum as in the pp-wave background without any 3-form flux: 

2 

w = ^ + rrW (34) 
The (i system has a set of coupled equations of motion 

(-d 2 T + dl)Ci - Ci - bfi (d T (e-^ d a ( 2 ) - dM 2 ) = o, 

; \ ' (35) 

{-dl + d 2 a )( 2 — fJ 2 ( 2 + bf, (d T (e l ^ T <Ui) ~ e^ T d T d a Ci) = 0, 
and their complex conjugates. 

The equations (35) are separable, and so we can expand into Fourier 
modes in the a coordinate: 



£ = ^aWfr) e -W(«'p + )-*(/3^+arg(fe))/2 ) 

n>0 

£ 2 = ^ al 2) (T) e i « CT /( Q 'p + )- i (/ 3 ^+arg(b))/2 ^ 

n>0 

and we then find coupled ODE's for the a^\r): 

^-^^ + (^-^)^)-^^)=o, 



(36) 



(37) 



where ujq is given by (34). Note that the shifts by exp(±|/3/zr) in (36) were 
used to remove the factors of e l ^ r from the system. This was possible as 
a consequence of the special form (4) of B. These shifts also correspond to 
sending ip^ — > ip^ + [3x + , which removes the x + -dependence from £?. 
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Finally, we obtain the frequencies of the string modes from the eigenval- 
ues of this linear system: 



4 



4 + 



PfJL 



±0V 



n\b\ 
2a'p^ 



(38) 



It is interesting to observe that at least this part of the string spectrum 
is not invariant under the SU(2) symmetry of the family of supergravity 
solutions parametrized by b and /. Indeed, one could have seen this ab 
initio because the bosonic string action does not depend upon F^P and so 
cannot depend directly upon /: it is thus impossible for the SU (2) invariant 
combination (6) to appear in the spectrum 3 . So string theory does indeed 
break the SU(2), confirming that it can only be a large N symmetry of 
the field theory on the brane. As one should also expect, the particle-like 
excitations with n = are independent of both / and b, and thus respect 
the SU (2) symmetry. 



4.2 The fermionic modes 



There are several expressions of the quadratic fermionic part of the Green- 
Schwarz action in a general background [23, 24, 6, 7], but sadly there are 
several inconsistencies in signs, factors and normalizations. Fortunately, 
there is one clear principle that defines the relevant part of the action [6] : The 
differential operator is precisely the supercovariant derivative that appears 
in the gravitino variation. To be more precise, the part of the Green-Schwarz 
action that is quadratic in fermions is [6]: 

C 2F = i(r, ah 5ij - e ab pzij)d a x M e x lM V b 6 J , (39) 

where V a is the pull-back of the supercovariant derivative: 

V a = d a + d a x M {\lom AB ~ \H M ab P?)l AB 

- ^F ABC 7 ABC ' PUM (40) 

_L 1 T? ABODE „ „, 

+ I 1 ABODE 7 P0 1M 

The matrices, pj, are defined in [6], and following this reference, we take 
V 00 = - V u = -1, e 01 = 1. 



3 It might be possible for / to appear in these equations via the supersymmetry condition 
(3 — —2f, but even with this, (38) is not SU(2) invariant. 
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While it is not immediately obvious, (40) agrees with the results of [6]. 
The 5-form in [6] is twice that of [8] and hence twice that of this paper. 
There is also an apparent discrepancy of a factor of two in the normalization 
of the RR 3-form, however, this normalization depends upon a choice of the 
constant value of the dilaton. In this paper we are taking the dilaton to 
be zero (e^ = 1), whereas 4 [6] takes = 2. We have thus adjusted the 
normalizations in (40) so as to be consistent with our conventions for the 
RR forms. One can confirm that (40) is properly normalized by checking 
that it is consistent with the gravitino variation, (25) of [8]. 

The first step is to pass between the real and complex bases by taking 
e = 1 + id 2 , and writing G( 3 ) = H^+iF^ 3 y Beyond this, it seems that (40) 
and (25) are very different: The former manifestly preserves an SU (1,1) 
duality group and, in particular, preserves the U (1) that rotates into 
F( 3 ). The latter formula apparently breaks this symmetry. The key to 
understanding the difference is simply that the formulaeof [8] are all in the 
Einstein frame, whereas the string actions must, of course, be in the string 
frame. The passage to the string frame also involves mixing the gravitino 
with the dilatino (see, for example, Appendix B of [25]): 



(There is a sign difference here compared to [25] because of our different 7- 
matrix conventions.) This means that to pass to the string frame one must 
add a multiple of (26) to (25). If one does this then one does, indeed, arrive 
at (40). 

For the particular class of background that we are considering here one 
obtains the following: 



V„ 



da 

+ (3 a X + ) 

-\F +A b1 



\U + AB1 AB 



AB 



1N \ 1 n ^ AB ( ° l 

2|-8#+AB7 I _0l 

|(7 1234 + 7 5678 ) (~f 



(41) 



In spite of the string frame, the special form of the background preserves the 
U(l) symmetry between and F( 3 ). Using this, the fermion equations 



4 We are grateful to A. Tseytlin for clarifying this. 
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reduce to: 

7+ \{d T - da) e 2 ) = + -^ + ^ [-9' J + * 7 + [e^ ) 

+ 57+ f(5) > 

where 

W(3) = \ H+nu^, V(3) = \ F+ixul^ V(5) = F +^<T\l^ uaX ■ (43) 

As with the bosonic equations, the fermionic equations are separable. 
The detailed solution may be found in Appendix A, but we will summarize 
the key points here. 

Half of the modes do not couple to the background l?-field and so the 
mode analysis is elementary. We thus find eight sets of fermionic oscillators 
with frequencies: 

" - ± v^"' 2 + < 44) 

with each sign having multiplicity 4. The remaining fermions couple to the 
-B-field and so we have to shift them by phases, exp(±i(/3/xr + arg(b))/2), 
much as we did for the bosons. We then obtain two copies of the following 
first order system of linear differential equations: 



=-\\bw (' 5(b) tH-^(? b) 

W(n) + P(n)J \P(n) 



(45) 



W(n) ~ «(n)/ \ a (n) 



The normal modes of this system are: 

|6| 2 /3V + /V+P 2 + z/?V 



(46) 



with all four permutations of the ± signs, and where p = ^+ • We thus find 
eight fermions having each of these frequencies with multiplicity two. 
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If one uses the equations of motion, (6), and the super symmetry condition 
(3 = —2f, then these frequencies reduce to the much simpler form: 

± " 2± V" 2 + (^) 2 ' (47) 

with all four permutations of the ± signs, each with a multiplicity of two. 

It is interesting to note that the modes (47) do not depend upon the 
values of / and b, whereas the modes (44) do, and thus this part of the 
string spectrum is not SU(2) invariant. 

4.3 Frequencies, energy and charge 

Having found the eigenmodes of the string excitations, we would like to relate 
the frequencies to the physical quantum numbers, and most particularly, we 
would like to know how this works for the Penrose limit considered in section 
2. 

To find the normal modes we had to make shifts by exp(±|/3^r), and 
this corresponds to going to a coordinate system in which the B field is 
independent of x + . For the general family considered in section 2, this 
means redefining: 

<P3 = & + (3x + , (48) 

Thus time translations in our systems of differential equations are associ- 
ated to a combination of x + — > x + + a and 993 — > 993 + (3a (so that 99 '3 
remains fixed). Thus the frequencies, u, computed above are associated to 
the corresponding mix of Nother charges. 

In the AdS/CFT correspondence one should recall that time transla- 
tions, t — ► t + a yield a Nother charge that is the quantum number, A, 
representing the conformal dimension of the operator on the brane. In [13] 
the U(1)tz symmetry was identified as (16), at least for (3 = 1. In taking 
the Penrose limit we had to shift 993 — > 993 + 2x + , and to diagonalize the 
system of eigenmodes we had to make a further shift to the x + -independent 
configuration. We are thus led to the following coordinates that describe the 
x + -independent configuration: 

x + = t, x- ~ L 2 (t+ §0), 993 = 993-3*. (49) 

Shifting t — > t + a and keeping the new coordinates fixed requires 993 — ► 
993+ 3a, <fr—>(/)— |a. Hence the time translations in our system of differential 
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equations is associated to the conserved quantity: 



5 Final Comments 

We have found a new family of pp-wave solutions of IIB supergravity. The 
family has constant 5-form flux, non-constant 3-form fluxes, and time varying 
dilaton and axion. There are obviously many generalizations of the solution 
presented here, both within IIB supergravity and in A4-theory. We have not 
attempted to classify the broad class of possibilities, but instead we have 
focused on the solutions that are most closely related to interesting results 
within the AdS/CFT correspondence. Even within this context there are 
more general possibilities: one can presumably find Penrose limits of any of 
the flow solutions. 

There are several important features of our solutions: first, the string 
theory is exactly solvable in these backgrounds. Secondly, our solutions are 
Penrose limits of AdS solutions that are interesting as holographic duals of 
field theory fixed points. Finally, our backgrounds are not maximally super- 
symmetric. Thus our results enable one to perform some deeper "stringy" 
tests of the holographic duals of M = 1 supersymmetric flows. 
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A Fermionic Spectrum 

The equations of motion for the fermion system are: 




(50) 
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where 



W (3) = ±H + ^, ? m = \F + ^\ f {b) = ±F +IJivaXl ^. (51) 

One could solve this by using the explicit form of the spacetime Dirac ma- 
trices, or as we will, proceed by realizing these matrices as creation and 
destruction operators. 



4 = ^ 2j - 1 +^ 2 n, 



2 W 



J 



,4. 



(52) 



Note that these operators have a factor of i in front of them since we are 
using anti-hermitian 7-matrices as in [8]. For 8 S we take the spinor basis to 
be: 

|0> 

4410) 
44io) 
4410) 
4410) 
4410) 

44 1 °) 
V4444io)/ 

We can now express the matrices in / as: 



(53) 



#(3) 
f(3) : 
f(5) : 



a 3 a 4 



-2bpfie 



3^4 



-if3fj,r 



a 3 a 4 



(54) 



-fn(2 - 2A/l234 - 4(44°3 a 4 + 4 a 2 a l°2)) 



,t„t. 



where A/1234 is the fermion number operator. Since we are studying type IIB 



theory, both 



are in 8 S . Using the foregoing, (50) becomes: 



7+(d r + d a ) 



el 

°l 
e\ 
el 
el 
e\ 



be-^{iel-el) + 2 -i9l 



3 °3 

3 

3 °5 
3 °<5 

V be^{i9\ + el) + 2 -l0l J 



(55) 
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and 



7+(<9 r - d a ) 



'I 

'7 



2 7+/^ 



_2//Ql 
-2//Q1 



One can solve this system of first order ordinary differential equations by 
Fourier expanding in the a coordinate and shifting each mode by a constant: 



oo 

0j = exp{\ e (i(3fiT + arg(b))) af n) (r) ex p(^f) 

r 1 m(j (57) 

^ = exp(ie(i/3^r + arg(b))) ^ /?f n) (r) ex p{^^) > 

n=l 

where £ = —1 for /x = 1,2; e = +1 for |U = 7,8; and e = for all other 
/x. Shifting the phase by this and including the constant means that in the 
equations we get b, b — > |b| and all of the e ±l ^^ T dependence cancels. 

The equations break into the three obvious groups. Eight of these 
fermions are not affected by the B-field at all, while the others group as 
(#1,07,01,07), (el, el, e^, e^). The mode analysis is trivial for the fermions 
that do not couple to the -B-field, and we thus find eight sets of fermionic 
oscillators with frequencies: 



with each sign having multiplicity 4. 



The groups (0i 1 ,0 7 ,0f,0f), (02,08,02,0!) produce identical sets of equa- 
tions so we need only consider one of them: 




(59) 

= -\\bW\TA n) ,S B) I-// 1 " 
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(dr T^# - -^i 



\\b\ pn 



An)) 

Wn)- a (n), 



(60) 



Doing normal mode analysis we get, 



2 
/ 

\b\jt 
2 



i\b\Pn 
2 

i/3u 



-ip 
2 



a|fc|/3/x 
2 



2 \ / (n) \ 



2 



A 1 



(n) 
7 

(n) 



(n) 



(61) 



(n) 
7 

(n) 



0(n) 
(n)/ 



where p = -J^- The four normal modes of this system therefore have 
frequencies: 



± 



i|6| 2 /3V + /V+P 2 + |/3V 



±i/3/i V / (2/-|6| 2 /3)V + 4p 2 (l + |6| 5 



1/2 



(62) 



If one uses the equations of motion for the supergravity background and the 
condition for enhanced super symmetry: 



f + \(3 2 \b\ 2 = 1, 
then the frequencies simplify significantly: 

uj = ± fx ± 



2/, 



n 



a'p + 



+ M 2 , 



(63) 



(64) 



with all four permutations of the ± signs. 



References 

[1] D. Berenstein, J. M. Maldacena and H. Nastase, "Strings in flat space 
and pp waves from N = 4 super Yang Mills," JHEP 0204, 013 (2002) 
[arXiv:hep-th/0202021]. 



616 PENROSE LIMITS OF RG FIXED POINTS. . . 



[2] R. R. Metsaev, "Type IIB Green-Schwarz superstring in plane wave 
Ramond-Ramond background," Nucl. Phys. B 625, 70 
(2002)[arXiv:hep-th/0112044]. 

[3] M. Blau, J. Figueroa-O' Far rill, C. Hull and G. Papadopoulos, "A new 
maximally supersymmetric background of IIB superstring 
theory," JHEP 0201, 047 (2002) [arXiv:hep-th/01 10242]. 

[4] M. Blau, J. Figueroa-0 'Far rill and G. Papadopoulos, "Penrose limits, 
supergravity and brane dynamics," Class. Quant. Grav. 19, 4753 
(2002) [arXiv:hep-th/0202111]. 

[5] J. P. Gauntlett and C. M. Hull, "pp-waves in 11-dimensions with extra 
supersymmetry," JHEP 0206, 013 (2002) [arXiv:hep-th/0203255]. 

[6] R. R. Metsaev and A. A. Tseytlin, "Exactly solvable model of 

superstring in plane wave Ramond-Ramond background," Phys. Rev. 
D 65, 126004 (2002) [arXiv:hep-th/0202109]. 

[7] J. G. Russo and A. A. Tseytlin, "On solvable models of type IIB 

superstring in NS-NS and R-R plane wave backgrounds," JHEP 0204, 
021 (2002)[arXiv:hep-th/0202179]. 

[8] J. H. Schwarz/'Covariant Field Equations Of Chiral N=2 D = 10 
Supergravity," Nucl. Phys. B 226, 269 (1983). 

[9] R. Corrado, M. Gunaydin, N. P. Warner and M. Zagermann, 

"Orbifolds and flows from gauged supergravity," Phys. Rev. D 65, 
125024 (2002) [arXiv:hep-th/0203057]. 

[10] A. Khavaev and N. P. Warner, "An N = 1 supersymmetric Coulomb 
flow in IIB supergravity," Phys. Lett. B 522, 181 

(2001) [arXiv:hep-th/0106032]. 

[11] R. Corrado, K. Pilch and N. P. Warner, Work in progress. 

[12] K. Pilch and N. P. Warner, "N = 1 supersymmetric renormalization 
group flows from IIB supergravity," Adv. Theor. Math. Phys. 4, 627 

(2002) [arXiv:hep-th/0006066]. 

[13] K. Pilch and N. P. Warner, "A new supersymmetric compactification 
of chiral IIB supergravity," Phys. Lett. B 487, 22 
(2000) [arXiv:hep-th/0002 192]. 

[14] D. Z. Freedman, S. S. Gubser, K. Pilch and 

N. P. Warner, "Renormalization group flows from holography 
supersymmetry and a c-theorem," Adv. Theor. Math. Phys. 3, 363 
(1999)[arXiv:hep-th/9904017]. 



R, CORRADO ET AL. 617 



[15] A. Khavaev, K. Pilch and N. P. Warner, "New vacua of gauged N = 8 
supergravity in five dimensions," Phys. Lett. B 487, 14 
(2000)[arXiv:hep-th/9812035]. 

[16] P. van Nieuwenhuizen and N. P. Warner, "Integrability Conditions For 
Killing Spinors,"Commun. Math. Phys. 93, 277 (1984). 

[17] R. G. Leigh and M. J. Strassler, "Exactly marginal operators and 

duality in four-dimensional N=l supersymmetric gauge theory," Nucl. 
Phys. B 447, 95 (1995)[arXiv:hep-th/9503121]. 

[18] J. Gomis and H. Ooguri, "Penrose limit of N = 1 gauge theories," 
Nucl. Phys. B 635, 106 (2002) [arXiv:hep-th/0202157]. 

[19] L. A. Zayas and J. Sonnenschein, "On Penrose limits and gauge 
theories," JHEP 0205, 010 (2002)[arXiv:hep-th/0202186]. 

[20] N. Itzhaki, I. R. Klebanov and S. Mukhi,"PP wave limit and enhanced 
supersymmetry in gauge theories," JHEP 0203, 048 
(2002) [arXiv:hep-th/0202153] . 

[21] L. J. Romans, "New Compactifications Of Chiral N=2 D = 10 
Supergravity," Phys. Lett. B 153, 392 (1985). 

[22] I. R. Klebanov and E. Witten, "Superconformal field theory on 
threebranes at a Calabi-Yau singularity," Nucl. Phys. B 536, 199 
(1998) [arXiv:hep-th /9807080] . 

[23] M. Cvetic, H. Lu and C. N. Pope, "M-theory pp-waves, Penrose limits 
and supernumerary supersymmetries," Nucl. Phys. B 644, 65 (2002) 
[arXiv:hep-th/0203229]. 

[24] M. Cvetic, H. Lu, C. N. Pope and K. S. Stelle, "T-duality in the 
Green-Schwarz formalism, and the massless/massive IIA duality 
map,"Nucl. Phys. B 573, 149 (2000)[arXiv:hep-th/9907202]. 

[25] S. F. Hassan, "T-duality, space-time spinors and R-R fields in curved 
backgrounds," Nucl. Phys. B 568, 145 (2000)[arXiv:hep-th/9907152]. 

[26] E. G. Gimon, L. A. Pando Zayas and J. Sonnenschein, "Penrose limits 
and RG flows," arXiv:hep-th/0206033. 

[27] D. Brecher, C. V. Johnson, K. J. Lovis and R. C. Myers, "Penrose 

limits, deformed pp-waves and the string duals of N = 1 large N gauge 
theory," JHEP 0210, 008 (2002) [arXiv:hep-th/0206045]. 



